It is becoming apparent that control of protein synthesis by metabolites is more common than previously thought. Much of that control is exerted at the level of initiation of mRNA translation, orchestrated by upstream open reading frames (uORFs) and RNA secondary structure. S-Adenosylmethionine decarboxylase (AdoMetDC) is a key enzyme in polyamine biosynthesis and both mammalian and plant AdoMetDCs are translationally regulated by uORFs in response to polyamine levels by distinct mechanisms.
Translational regulation of the plant S-adenosylmethionine decarboxylase Introduction
There is a common theme in eukaryotic polyamine biology: the effect of polyamines on protein synthesis and the regulation of polyamine synthesis by translational mechanisms. Clearly polyamines have many functions in the cell ; however, protein synthesis may be particularly sensitive to the intracellular polyamine environment. Protein synthesis is more rapidly affected by polyamine depletion than is RNA or DNA synthesis [1] . Over-accumulation of polyamines has been associated with an inhibition of protein synthesis [2] , leading to decreased cell growth and eventual cell death. In animal cells and in Schizosaccharomyces pombe [3, 4] , the key polyamine biosynthetic enzyme ornithine decarboxylase is negatively regulated post-translationally in response to increasing polyamine levels by binding of the protein antizyme, which then induces degradation of ornithine decarboxylase. Levels of the mRNA for antizyme are insensitive to polyamine concentration; however, increased accumulation of polyamines causes -1 programmed frameshifting of the antizyme message, resulting in decoding of an overlapping out-of-frame downstream open reading frame (ORF) and subsequent synthesis of the mature antizyme protein. Another key step in the synthesis of polyamines is the enzyme S-adenosylmethionine decarboxylase (AdoMetDC). The mammalian enzyme is translationally regulated in response to polyamine levels through an upstream ORF (uORF) mechanism that is dependent on interaction of polyamines with the nascent peptide encoded by the uORF, resulting in ribosome stalling.
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important secondary metabolites such as the alkaloids nicotine and scopolamine, and hydroxycinnamic amides such as caffeoylspermidine. Although the polyamine biosynthetic pathway is subject to divergent metabolic demands, homoeostasis of free spermidine and spermine levels is strictly maintained in most cells. We have shown recently that the central mechanism for regulating plant polyamine levels is translational control of AdoMetDC [5] .
Control of mRNA translation initiation and ribosomal leaky scanning
The regulation of protein synthesis is a key control point in gene expression, enabling cells to rapidly change protein production without engaging the long sequence of events requiring mRNA synthesis, processing and export to the cytoplasm. Translational control operates at the global level and selectively [6] . Before the translational elongation of a protein, translation must first be initiated at an AUG initiator codon using a specific initiator methionine tRNA (MettRNAi Met ). Once the 43 S ribosomal complex has bound to the 5 end of an mRNA, the translational machinery scans in a 5 -to-3 direction until it reaches the first AUG. If that AUG is recognized by the 43 S ribosomal complex via the interaction between the Met-tRNAi Met anticodon and the AUG, initiation factor 2 hydrolyses GTP, thereby committing the translational machinery to protein synthesis from that AUG. Occasionally the 43 S complex scans past the first or downstream AUGs if those AUGs are in an unfavourable initiation context, the so-called Kozak sequence, a process known as leaky scanning [7] . The optimal Kozak sequence varies slightly between species but is usually close to a purine in position -3 and a G in position +4 relative to the A of the AUG (the optimal Kozak sequence is RXXAUGG). Besides the AUG context sequence, translation-initiation efficiency is affected by secondary structure in the mRNA 5 sequence that can change the accessibility of the AUG to the scanning 43 S ribosomal complex. Very little is known about the mechanistic basis of AUG discrimination but yeast genetic approaches indicate that translation initiation factors eIF1, eIF2α, eIF2β, eIF2χ and eIF5 are essential for AUG recognition in Saccharomyces cerevisiae. However, the molecular basis of discrimination between the different Kozak sequence AUG contexts is unknown, as is the molecular basis of leaky scanning.
Leaky scanning has several consequences for downstream protein synthesis. The presence of an upstream out-offrame AUG before an ORF can decrease the efficiency of recognition of the downstream AUG, thereby decreasing protein synthesis. Increased leaky scanning past the 'weak' AUG to the 'stronger' AUG will increase protein synthesis from the downstream AUG. If the upstream AUG is inframe with the downstream AUG, leaky scanning can modify the N-terminus of the synthesized protein. In addition, many mRNAs encoding regulatory proteins contain uORFs before the main ORF. These uORFs can dramatically affect the translation of the downstream ORF. Leaky scanning can modulate the effect of the uORF by circumventing its effect if the uORF AUG is scanned past, or conversely the uORF AUG can be brought into a regulatory role by selective recognition of its AUG through control of leaky scanning. Thus the extent of leaky scanning is important for translation of many regulatory genes containing complex 5 leaders and variation of the extent of leaky scanning will lead to altered recognition of AUGs. If the degree of leaky scanning increases, the recognition of weak AUGs will be disproportionately inhibited. Conversely, a decrease of leaky scanning will favour initiation from the AUG closest to the 5 end of the mRNA.
Examples of metabolite-controlled regulation of translational initiation
We are used to thinking of metabolism as an end point of gene expression and that metabolite levels influence metabolic flux through altered enzyme kinetics, allosteric feedback inhibition or covalent modification of biosynthetic enzymes. However, there is growing evidence that metabolism can intervene directly in gene expression to achieve metabolic homoeostasis.
In the yeast S. cerevisiae general amino acid deficiency and arginine excess can signal back to gene expression by two different mechanisms [8] . In the well-studied case of general amino acid deficiency, the constitutively expressed GCN2 protein kinase senses amino acid deficiency by the binding of uncharged tRNAs to the C-terminal part of the protein, which resembles histidyl-tRNA synthase. Activation of GCN2 by the binding of uncharged tRNAs results in the translational activation of the GCN4 transcription factor that subsequently initiates transcription of amino acid biosynthetic enzymes. With arginine excess, arginine is thought to interact with a small uORF peptide in the 5 leader of the carbamoyl-phosphate synthetase 1 (CPA1) mRNA, resulting in ribosome stalling at the 3 end of the uORF and subsequent repression of downstream translation of the CPA1 ORF. It was shown recently that the Escherichia coli tryptophanase (tnaC) gene mRNA is translationally repressed in response to high tryptophan levels by ribosome stalling on a sequence-dependent uORF when high tryptophan levels cause direct interference with the function of the peptidyltransferase centre of the ribosome [9] . Also, recently in E. coli, vitamin B1 (thiamine) was shown to regulate translation of the corresponding biosynthetic enzyme mRNAs by directly binding to the mRNA 5 leader, thereby altering the accessibility of the ribosome-binding site (Shine-Dalgarno sequence) to the ribosomal translationinitiation complex [10] . This particular behaviour is similar to the temperature-dependent translational regulation of the Listeria monocytogenes prfA mRNA that controls expression of virulence genes [11] . At 30
• C Listeria does not express virulence genes because the secondary structure of the prfA mRNA 5 leader masks the ribosome-binding site. At 37
• C the secondary structure melts, the ribosome-binding site becomes accessible to the ribosome and prfA mRNA is translated, resulting in transcription of virulence genes and infection. From these examples we can see that metabolites can signal to gene expression at the level of translation initiation in both prokaryotes and eukaryotes but the sensing mechanisms for metabolite detection are diverse.
Control of translation initiation by uORFs
Although uORFs occur relatively infrequently in eukaryotic mRNAs, their occurrence is more frequent in growthrelated genes such as oncogenes, where they are present in nearly two thirds of genes [12, 13] . The role of uORFs in translational regulation is increasingly recognized as an important component of gene expression control (reviewed in [14, 15] ). It is apparent now that there are two types of uORF involved in translational regulation: sequencedependent uORFs where the nascent peptide causes ribosome stalling during elongation or termination, and the sequenceindependent uORFs where termination efficiency, ribosomal scanning, the intercistronic distance and sequence, and reinitiation efficiency at the downstream ORF are important. The best-studied examples of sequence-dependent uORFs are in arginine-responsive mRNAs encoding CPA1 of S. cerevisiae [16] , arg-2 of Neurospora crassa [17] , the cytomegalovirus gpUL4 mRNA [18] and the mammalian AdoMetDC mRNA [19] .
The N. crassa arg-2 mRNA contains an evolutionarily conserved uORF encoding the 24-amino-acid arginine attenuator peptide (AAP) that confers negative translational regulation in response to increased arginine levels [20] . Under these conditions AAP acts by causing ribosomes to stall at the uORF termination codon. Deletion of the AAP termination codon results in arginine-mediated ribosome stalling in the extended C-terminus during translational elongation and termination [17] . At low arginine concentrations most ribosomes bypass the suboptimal uAUG by leaky scanning and translate the downstream ORF [21] . Unlike the arg-2 uORF, the gpUL4 and mammalian AdoMetDC uORFs absolutely require the termination codon for their inhibitory effects [22] [23] [24] [25] . In cell-free translation assays, the gpUL4 uORF peptide was found to be still linked to the tRNA complementary to the final sense codon, which encodes proline [26, 27] .
The mammalian AdoMetDC uORF encodes the hexapeptide MAGDIS and is located 14 nucleotides downstream of the 5 cap (MAGDIS is the amino acid sequence of the upstream open reading frame at the 5 end of the mammalian S-adenosylmethionine decarboxylase mRNA). MAGDISmediated translational regulation of the AdoMetDC mRNA depends on cell type [28] and cellular polyamine content [29] . Moving the uORF to a position 47 nucleotides downstream of the 5 cap enhances recognition of the uORF in nonlymphoid cells [30] . When cellular polyamine levels were depleted, AdoMetDC mRNA was more efficiently loaded with ribosomes [31] and the uORF was responsible for this polyamine-mediated translational regulation [29, 32] . The termination codon of the uORF is absolutely required for MAGDIS repressive activity [29] and increased spermidine levels cause ribosome stalling at the termination codon as detected by toe-printing and expression in a gel-filtered rabbit reticulocyte lysate system [33, 34] . There are no known examples of sequence-dependent uORFs in plant mRNAs.
The second type of uORF, the sequence-independent uORF, is exemplified by the yeast GCN4 mRNA [35, 36] . Differential translation of the GCN4 transcription factor main ORF is dependent on which one of four uORFs in the 5 leader is first translated. Translation of uORF1 leads to enhanced translation of the GCN4 ORF whereas translation of any of the other uORFs is inhibitory to GCN4 translation. The mode of action of inhibitory uORF4 is well characterized. A GC-rich region immediately downstream of the uORF termination codon impedes translational reinitiation at the main ORF. However, after translating uORF1, ribosomes can reinitiate at the GCN4 main ORF with high efficiency. Ribosome recognition of uORF1 is therefore an important component of the translational regulation.
In plants there are few known examples of translation control by uORFs but the sequence-independent uORF of the maize Lc gene is well characterized. Lc mRNA encodes a transcription factor required for activation of the anthocyanin biosynthetic pathway [37, 38] . The 5 leader contains a 38 codon uORF that is responsible for translational repression of the downstream Lc ORF. Like the GCN4 uORF4, the repressional activity of the Lc uORF is independent of the uORF amino acid sequence, and depends on the efficiency of ribosome recognition of the uORF, the efficiency of translational termination, the intercistronic sequence and distance, and the efficiency of reinitiation.
uORF-mediated translational control of the plant AdoMetDC
There are at least two transcribed, intact AdoMetDC genes and four degraded copies in the Arabidopsis genome [39] .
A notable characteristic of plant AdoMetDC genes is the presence of a very long 5 leader sequence in the mRNA containing a highly conserved pair of uORFs that overlap by one nucleotide. The upstream uORF is referred to as the 'tiny' uORF and is usually three codons long, but in Arabidopsis and the closely related Brassica juncea it is four codons. There is no conservation of the amino acid identity of the second codon. Downstream of the tiny uORF is the 'small' uORF, encoding 50-54 highly conserved amino acids. The amino acid sequence of the small uORF is much more conserved than the corresponding DNA sequence. The overlapping uORF cassette is sited in the middle of the 5 leader sequence with at least 150 nucleotides between the 5 end of the mRNA and the AUG of the tiny uORF. It is noteworthy that the Kozak sequence of the tiny uORF AUG is always poor whereas that of the small uORF is always good. Although in general the first AUG encountered by the scanning ribosome is the most likely to initiate translation, in the case of the plant AdoMetDC mRNA the tiny uORF AUG may be susceptible to leaky scanning due to its poor AUG context. If this is the case, it is likely that the small uORF AUG will be recognized because of its better AUG sequence context. Plant AdoMetDC activity is post-transcriptionally regulated (repressed) by polyamines [5] in Arabidopsis suspension cells and tobacco seedlings. The Arabidopsis AdoMetDC1 5 leader sequence was placed between the plant viral cauliflower mosaic virus 35 S promoter and E. coli glucuronidase (GUS) reporter gene and transgenic tobacco plants were generated expressing this reporter construct and site-directed mutants of the small uORF. By relating GUS activity to the level of corresponding GUS mRNA, it was determined that the small uORF is responsible for the translational repression. Similar constructs were produced using the AdoMetDC proenzyme ORF rather than GUS and the same result was obtained. Thus under normal physiological conditions in tobacco leaves, AdoMetDC is translationally repressed by 3-5-fold. Elimination of the translational repression by removal of all or part of the small uORF resulted in increased AdoMetDC activity and severe growth perturbations that correlated with a large increase in decarboxylated AdoMet accumulation (more than 400-fold) and paradoxically a decrease in spermidine and especially spermine levels in transgenic tobacco plants. This indicates that translational regulation of AdoMetDC is essential for normal plant development. Ribosomal leaky scanning from the tiny uORF AUG to the inhibitory small uORF AUG may be an important component of the polyamine-responsive translational control of plant AdoMetDC.
